Molecular conductors based on [M(dmit) 2 ] (M = Ni and Pd) present a variety of π electron systems that pave the way for a higher stage of solid-state science. Supramolecular interactions between [Ni(dmit) 2 ] anion and halogen-containing cations provide bilayer systems that are characterized by coexistence of two crystallographically independent anion layers with different molecular arrangements and contrasting (for example, metal/insulator and ferromagnetic/antiferromagnetic) properties. In [Pd(dmit) 2 ] salts in the Mott insulating state, a small energy difference between HOMO and LUMO coupled with strong dimerization affords HOMOLUMO band inversion. The dimer units [Pd(dmit) 2 ] 2 ¹ form a triangular lattice, and interplay of strong electron correlation and spin frustration generates a wide variety of magnetic/charge states including antiferromagnetic long-range order, quantum spin liquid, charge order, and valence bond order, depending on counter cations. The cation dependence is attributed to a systematic arch-shaped molecular distortion that tunes the anisotropy of interdimer transfer integrals. This means that the [Pd(dmit) 2 ] molecular skeleton is sufficiently flexible within the crystal field, and molecular degrees of freedom play an important role in fine tuning of the electronic state. Scheme 1.
Introduction
Metal dithiolene complexes with a central core [M(C 2 S 2 ) 2 ] (M = Ni, Pd, Pt, Fe, Co, and Au) have been investigated as versatile components for molecular conductors. 1, 2 Among them, [M(dmit) 2 ] (M = Ni and Pd; dmit: 1,3-dithiole-2-thione-4,5-dithiolate; Scheme 1) has provided a large number of molecular conductors and magnets, and has a long history of research and development. 36 The metallic electric conduction in the metal dithiolene complexes was first reported in 1981. 7 The first organic superconductor (TMTSF) 2 PF 6 (TMTSF: tetraselenafulvalene) was discovered the year before. 8 After the report of a conducting [M(dmit) 2 ] salt (Bu 4 N) 2 [Ni(dmit) 2 ] 7 ¢ 2CH 3 CN in 1983, 9 many [M(dmit) 2 ]-based molecular conductors have been prepared, and their significant properties expanded the possibility of the molecular π electron system. In molecular conductors based on the metal dithiolene complexes, the conduction path is formed by intermolecular overlap among ligand π orbitals or mixed metalligand orbitals. Especially, intermolecular S£S contacts play an important role in the formation of conduction bands.
A concept of multiple band (two-band) systems has emerged from studies of molecular solids based on the metal dithiolene complexes. In conventional molecular conductors, one frontier molecular orbital (in each open-shell component molecule) participates in formation of conduction bands, which provides simple and clear electronic structures. This is because energy levels of the frontier orbitals, HOMO and LUMO (HOMO: highest occupied molecular orbital, LUMO: lowest unoccupied molecular orbital), are well separated from those of the other molecular orbitals and an energy difference between the HOMO and LUMO in an isolated molecule is large, compared to a band width in a solid. The metal dithiolene complex with the planar central core, however, is characterized by a small HOMOLUMO energy difference, and thus both HOMO and LUMO can contribute to an electronic structure around the Fermi level. In the planar central core of the dithiolene complex, the HOMO has no contribution from the metal d orbital due to its symmetry, while the metal d orbital can mix into the LUMO (Figure 1 ). This means absence of metalligand interaction that stabilizes the HOMO, and results in a small energy difference between the HOMO and LUMO. 10 When such molecular units assemble in a crystal and each HOMO and LUMO forms an energy band, various interesting situations can be expected. When these bands are wide enough, they can overlap each other and partial electron transfer from a HOMO band to a LUMO band can occur. The formation of partially filled energy bands means that the system is a metal according to a simple band theory. Indeed, the first singlecomponent molecular metal [Ni(tmdt) 2 ] (tmdt: trimethylenetetrathiafulvalenedithiolate) demonstrates this idea. 11 Another interesting situation is found in the [Pd(dmit) 2 ] system. In anion radical salts with a formula X[Pd(dmit) 2 ] 2 (X is a monovalent closed-shell cation), [Pd(dmit) 2 ] units are strongly dimerized in an eclipsed mode. In the dimer unit, each of HOMO and LUMO forms bonding and antibonding pairs. The strong dimerization provides a large energy difference between the bonding and antibonding pairs (Figure 1 ). The energy difference is termed dimerization gap and depends on the degree of dimerization that can be estimated to be twice the intradimer transfer integral approximately. If this dimerization gap is large enough, the bonding LUMO pair lies below the antibonding HOMO pair (HOMOLUMO level crossing). Since the dimer unit has one negative charge, the antibonding HOMO pair is occupied by one unpaired electron. When each energy level forms an energy band in a crystal, a half-filled conduction band originates from the antibonding HOMO pair. Such a situation is called HOMO LUMO band inversion (Figure 1 ). 12 Due to the b 1u symmetry of the HOMO, the side-by-side arrangements of [Pd(dmit) 2 ] anions effectively gain the transverse intermolecular HOMO£HOMO overlap integrals, which provides two-dimensional (2D) electronic structures. It should be added that the LUMO-based bands are located near the conduction band and can affect electronic states in X[Pd(dmit) 2 ] 2 . On the other hand, the [Ni(dmit) 2 ] system does not tend to exhibit the HOMOLUMO band inversion, because the HOMOLUMO energy difference is larger and the degree of dimerization is smaller in general. Therefore, the conduction band in X[Ni(dmit) 2 ] 2 originates from LUMO and is quarter-filled ( Figure 1 ). Since the LUMO has b 2g symmetry, the S£S overlap integrals in the side-by-side [Ni(dmit) 2 ] arrangement tend to be cancelled out, and thus many X[Ni-(dmit) 2 ] 2 exhibit quasi one-dimensional (1D) electronic structures. These simple pictures were confirmed by the spectroscopic measurements 13 and first principles band calculations. 14 In the [Ni(dmit) 2 ] system, we can observe another type of multiple band character associated with bilayer structure. Layered structures are observed in many molecular conductors. In most cases, a crystal contains one crystallographically independent conduction layer, which results in the simplicity of the band structure in the vicinity of the Fermi level. On the other hand, in some [Ni(dmit) 2 ] anion radical salts, two crystallographically independent conduction layers, which exhibit distinct molecular arrangements, are repeated alternately. 15 Since features of the energy band are sensitive to the molecular arrangement, such crystals can hold two conduction layers with different characters (for example, metal/insulator and ferromagnetic/antiferromagnetic). In this case, the same molecular orbital provides different conduction bands due to the difference in molecular arrangement.
Another important issue is interplay between strong electron correlation and frustration in X[Pd(dmit) 2 ] 2 . In materials with a narrow and half-filled conduction band, conduction electrons cannot move due to the strong on-site Coulomb repulsion (Mott insulator) and each site (the dimer unit [Pd(dmit) 2 ] 2 ¹ in the case of X[Pd(dmit) 2 ] 2 ) accommodates one unpaired electron. 16 Electrons in the Mott system are sensitive to external stimuli, including temperature, pressure, magnetic/electric fields, and light irradiation, and exhibit unusual electric and magnetic properties. A remarkable feature of X[Pd(dmit) 2 ] 2 is a triangular lattice formed by the dimer units. Most X[Pd(dmit) 2 ] 2 are Mott insulators at ambient pressure. The localized electrons have spin degree of freedom. When spins with antiferromagnetic coupling are located on the triangular lattice, spin frustration operates and suppresses the conventional long-range antiferromagnetic order. This situation induces a variety of unconventional ground states including valence bond order, charge order, and quantum spin liquid. 1720 The ground state of X[Pd(dmit) 2 ] 2 strongly depends on the choice of the counter cation X. Bulkiness and shape of X systematically affect anisotropy of the triangular anion network described by interdimer transfer integrals, which has been confirmed by the tight-binding calculations and the first-principles band calculations. This cation dependence originates from structural modifications. Especially, arch-shaped distortions in the [Pd(dmit) 2 ] anion, as well as changes in the unit cell lengths, play an important role. This is a unique example where the electronic state is affected by the molecular degrees of freedom.
The intention of this account is (1) to demonstrate bilayer [Ni(dmit) 2 ] systems; (2) to discuss and to highlight strong electron correlation and frustration in X[Pd(dmit) 2 ] 2 , mainly 
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Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) emphasizing quantum spin liquid, charge order, and valence bond order; (3) to point interrelation between band parameters (interdimer transfer integrals) and molecular degrees of freedom in X[Pd(dmit) 2 ] 2 .
Bilayer [Ni(dmit) 2 ] System with Cation£Anion Supramolecular Interactions
The concept of self-organization plays an important role in the development of molecular conductors toward still higher forms and nanoscale devices. The self-organization through supramolecular interactions provides diverse crystal architecture where conduction electrons enjoy a variety of physical environments. Since the electronic structure is strongly coupled with the molecular arrangement, supramolecular strategy can open a way to control the conducting and magnetic properties of molecular conductors. 21, 22 Among the supramolecular interactions, the halogen bond is defined as noncovalent intermolecular interactions involving halogens as electrophilic species, and is a kind of Lewis base and acid interaction. The halogen bond is strong and directional enough to control the assembly of molecules in crystal. 23, 24 In cation radical salts, the halogen bonds between iodine-containing neutral molecules and halide anions can allow the self-organization of the insulating sheaths that isolate conducting stacks of cation radicals of donors. 25 In the [Ni(dmit) 2 ] anion radical salts, the competition and cooperation among halogen and hydrogen bonds induce novel molecular packing modes associated with a bilayer architecture that contains two nonequivalent [Ni(dmit) 2 ] anion layers in the crystal. 15 The [Ni(dmit) 2 ] anion radical exhibit diverse molecular arrangements and orientations, including face-to-face stacking, 26 spanning overlap, 27 checkerboard, herringbone, and face-to-edge arrangements, 28, 29 inside the crystal. This means that the counter cation significantly affects the molecular arrangement and orientation of the [Ni(dmit) 2 ] anion. Alkyldihalopyridinium cations that contain electrophilic iodine or bromine atom(s) can form halogen bonds with the lone pair on the terminal thioketone moiety in the dmit ligand. In addition, these cations have hydrogen atoms in the pyridine ring that interact with the thioketone groups through S£H hydrogen bonds. Resultant cation£anion supramolecular interactions can strongly affect the molecular arrangement of the [Ni(dmit) 2 ] anion and sometimes generate a nonsymmetric steric environment around the cation, which operates in favor of bilayer structure formation. For example, in (Me-3,5-DIP)[Ni(dmit) 2 ] 2 (Me-3,5-DIP: methyl-3,5-diiodopyridinium), the iodine-containing pyridinium cation, Me-3,5-DIP, forms halogen and hydrogen bonds with the terminal thioketone groups ( Figure 2 ). 15, 30 The I£S lengths (3.28 and 3.49 ¡) and the S£H lengths (2.80 and 2.86 ¡) are rather shorter than the sum of van der Waals radius (d I£S : 3.78 ¡ and d S£H : 3.00 ¡). Through the supramolecular contacts, the [Ni-(dmit) 2 ] anions are connected along the c axis direction. In the crystal, two crystallographically independent conduction layers (Layers I and II) are repeated alternately along the c axis. They exhibit distinct anion arrangements. In Layer I, dimerized [Ni(dmit) 2 ] anions stack along the ab direction. In Layer II, the [Ni(dmit) 2 ] anions form a noncolumnar structure where one anion overlaps two anions. This is called spanning overlap and provides a 2D conduction network.
The Raman spectra indicate that the formal charge of [Ni(dmit) 2 ] anions in Layers I and II are the same. Electronic structure for each layer was studied by tight-binding band calculations based on the extended Hückel method ( Figure 3 ). In Layer I, the dimerization provides two narrow LUMO bands. Since the lower branch is half-filled, Layer I is considered in the Mott insulating state where electrons cannot move due to the 
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Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) strong on-site Coulomb repulsion and show paramagnetism arising from localized π spins. On the other hand, Layer II has a cylindrical Fermi surface with elliptical cross-section, which indicates a 2D metallic character. These results lead the system to a coexistence of itinerant electrons and localized spins, both of which come from the same π molecule. It should be added that calculated intermolecular overlap integrals between LUMOs indicate significant interlayer interaction between Layers I and II. Figure 4 shows anisotropic temperature dependence of resistivities at ambient pressure. Temperature dependence of the in-plane resistivity (μ //a and μ //b ) demonstrates essentially metallic character down to 4.2 K, although μ //a shows a broad minimum and a broad maximum around 155 and 72 K, respectively. In contrast, the interlayer resistivity shows nonmetallic behavior. The resistivity along the c axis (μ //c ) increases with decreasing temperature, and exhibits a broad maximum and a broad minimum at about 65 and 20 K, respectively. The ratio μ //c /μ //b , which is 50 at room temperature, increases upon cooling and exceeds 1000 below 180 K, indicating a growth of strong 2D anisotropy. At 4.2 K, μ //c is larger than μ //a and μ //b by more than four orders of magnitude. These features indicate that the system is composed of the metallic layer (Layer II) separated by the thick insulating layer (Layer I; ca. 19 ¡) and the cation layer. Temperature dependence of the magnetic sus-ceptibility » in the high temperature region can be explained by a linear combination of the CurieWeiss term (» CW ) from layer I and the Pauli paramagnetic term (» Pauli ) from layer II; » = (» CW + » Pauli )/2. In the low-temperature region, the susceptibility is suppressed and shows a broad maximum at 20 K, indicating development of a short-range ordering of antiferromagnetic spins within Layer I. The magnetic torque measurements indicate that the localized spins remain paramagnetic (no long-range order) down to 26 mK. 31 All these results are consistent with coexistence of itinerant electrons and localized spins.
The metallic character of Layer II was studied by measurements of electric resistance perpendicular to the ab plane at low temperatures under high-magnetic fields. 31 Shubnikovde Hass (SdH) oscillation and angular-dependent magnetoresistance oscillation (AMRO) clearly indicate an existence of 2D Fermi surface. The AMRO observed in this system can be interpreted within a weakly incoherent transport picture where a corrugated 2D Fermi surface is absent and the magnetic insulating layer (Layer I) works as a tunnel barrier for the interlayer transport. An interesting point is that the Fourier transform of the SdH oscillation exhibits two peaks with slightly different frequencies ( Figure 5 ). This suggests that there are two Fermi surfaces with different areas of cross section. The average frequency gives the cross section of 51.6% to the first Brilloin zone, . The Curie term is subtracted. 30 which well agrees with the tight-binding band calculation. Two 2D Fermi surfaces in Layer II can be explained by exchange interaction between the conduction π electrons in Layer II and the localized π spins in Layer I. In a strong magnetic field, the localized spins in Layer I are likely polarized. When the localized spins are coupled with the conduction electrons in Layer II, the conduction electrons feel almost fixed internal field H int created by the localized spins. Due to the Zeeman effect, the pristine energy band of the conduction electrons splits into the up-and down-spin bands. As a result, the original Fermi surface splits into two different Fermi surfaces for the up and down spins ( Figure 5 ). The internal field strength calculated from SdH frequencies is about 13 T. This rather large value indicates strong interaction between Layers I and II. Anomalous behavior of the metallic Layer II was detected by 13 C NMR measurements. 32 Below 35 K, where the antiferromagnetic correlation grows in Layer I, static and dynamic susceptibilities of the conduction electrons are reduced by about 20%, suggesting the reduction of the density of states (DOS) at the Fermi level. The suppression of DOS appears to originate in the antiferromagnetic correlation between the S = 1/2 moments in Layer I that are strongly coupled with the conduction electrons in Layer II. A similar suppression of the susceptibility has been reported in other 2D metals including underdoped high-T c cuprates and κ-type BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) salts. In these compounds, however, the antiferromagnetic correlation develops in conduction electrons. On the contrary, in (Me-3,5-DIP)[Ni(dmit) 2 ] 2 , the antiferromagnetic correlation grows in the insulating layers that are separated from the metallic layers. A coupling between localized spins and conduction electrons has been observed in a series of 2D BETS (bis(ethylenedithio)tetraselenafulvalene) salts known as the πd system where itinerant π electrons on organic layers strongly interact with localized 3d (Fe 3+ ) spins (for example, λ-(BETS) 2 FeCl 4 ). 33, 34 In the BETS salts, the direct antiferromagnetic interaction between the localized 3d spins is negligible, whereas the localized π spins in (Me-3,5-DIP)[Ni(dmit) 2 ] 2 directly interact with one another in Layer I. In addition, the difference in energy levels between the conducting π electrons (HOMO in BETS) and the localized electrons (3d orbitals in Fe 3+ ) is about 1 eV. In (Me-3,5-DIP)[Ni-(dmit) 2 ] 2 , on the other hand, the conduction electrons and the localized spins, both of which derive from the same molecular π orbital, are situated on almost the same energy levels and would be convertible to each other. This situation can provide the strong coupling between conduction and magnetic π electrons, potentially leading to new hybrid phenomena. Indeed, electrical resistivity measurements under hydrostatic pressure or uni-axial strain (along the interlayer direction) indicate temperature dependence typical for the Kondo effect; in the low-temperature region, the resistivities along a-, b-, and c axis directions (μ //a , μ //b , and μ //c ) increase with decreasing temperature and obeys the ¹log T dependence. 15 The behavior is observed for all the directions, and is enhanced by increasing pressure. These results suggest that the localized spins (Layer I) and the itinerant electrons (Layer II) can form a singlet bound state to exhibit heavier effective mass and the coupling between them becomes stronger under pressure. In (Me-3,5-DIP)[Ni(dmit) 2 ] 2 , one kind of molecule, [Ni-(dmit) 2 ], constitutes two kinds of layers with completely different structures and plays two contrastive roles. This compound is a kind of dual π electron system with multiple nanolayers having different physical properties, which comes from the different molecular arrangements of the same molecule induced by the supramolecular interactions between the anion radical and the counter cation. Compared with the conventional monolayer system, the bilayer system has increasing possibilities of novel electronic properties. The interplay between the itinerant electrons and the localized spins observed in (Me-3,5-DIP)-[Ni(dmit) 2 ] 2 is a typical example. The design of counter cations suitable for the formation of the bilayer system is one of the most important challenges. Halogen-and alkyl-substitutions in Me-3,5-DIP modify the pattern of supramolecular interactions and provide different types of bilayer systems. 35 Alkyl-4halothiazolium cations that are less bulky than alkyldihalopyridinium cations are expected to provide denser anion packing, which would lead to improved electric conduction and stronger spinspin interaction. 36 The S atom in this type of cation has a highly positive electrostatic potential, and two σholes on the S atom can interact with the lone pair on the thioketone group in the dmit ligand. 37 The use of Te-containing cations (for example, Me 3 Te + ) is also of special interest. 29, 38 The Te atom has a strong tendency to form intermolecular 
Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) interactions called "secondary bonds" and can form Te£S supramolecular interactions.
Mott Systems with Frustration

Quantum Spin Liquid.
Solid-state properties are determined by behavior of electrons. Electrons with both particle and wave properties obey the laws of quantum mechanics. However, it remains impossible to predict and describe properties of solids completely. Assemblies of interacting electrons with charge and spin frequently exhibit emergent behavior. The phrase "More is Different" by P. W. Anderson indicates such a situation. 39 In 1973, Anderson proposed a theoretical possibility of "quantum spin liquid" (QSL) that exhibits the absence of long-range magnetic order among highly correlated quantum spins on a triangular lattice even at zero temperature. 40 In the QSL, the spins simultaneously form spin-singlet pairs, namely valence bonds, and they fluctuate between many different configurations ( Figure 6a ). Resonation between highly degenerate spin configurations leads to a liquid-like state of matter. This exotic state for magnetism is a long-sought state of matter that has attracted much theoretical attention, partially because the QSL may have relevance to high-temperature superconductivity 41 and future quantum computing technologies. 42 The theoretical description (especially, microscopic models) of the QSL, however, is still far from perfect and furthermore the number of candidates of real materials is quite limited (Many theories, Few microscopic models, and No materials). We found that an anion radical salt β¤-EtMe 3 Sb-[Pd(dmit) 2 ] 2 with a weakly anisotropic triangular lattice of [Pd(dmit) 2 ] 2 ¹ dimers is a promising candidate for the QSL. Let us start with strong correlation and frustration effects on a triangular lattice. Simple band theory predicts that the triangular lattice with one conduction electron on each lattice point forms a metallic system with a half-filled band. But, Mott pointed out that if the Coulomb interaction between electrons on the same site is very strong, electrons cannot move and are forced to stay at each site. That is, the electrons do not share a table. This system is called a Mott insulator. In this case, the localized electrons maintain their spin degree of freedom.
When we consider a triangle of antiferromagnetically interacting spins, which must point upward or downward, we easily notice that all three spins cannot be antiparallel and there are six degenerate ground states. On the triangular lattice, such degeneracy persists and frustrations are enhanced, which suppresses antiferromagnetic long-range ordering. For systems with Heisenberg spins of S = 1/2, the quantum mechanical uncertainty principle produces quantum fluctuations, which persist down to T = 0 K and can be phase coherent. If they are strong enough, a QSL is formed as a superposition state. 43 A building block of such a QSL is a valence bond that is a highly quantum object and forms a spin-0 singlet state.
Although many theories of QSLs have been proposed, the ground state and low-energy excitations of the S = 1/2 antiferromagnetic triangular lattice still remain puzzling. Proposed QSLs are roughly divided into two types; gapless SQL and gapped QSL. This is associated with low-energy excitations in QSLs. In a QSL, the wave function is a superposition of many different pairings of spins. The valence bonds may be shortrange or long-range. A possible excitation in a QSL is a spinon as an unpaired spin created by breaking the valence bond ( Figure 6b ). The spinon can move in a crystal by adjusting the valence bonds. Many gapped QSLs are formed by the short-range valence bonds. On the other hand, spins in the longer-range valence bonds are less tightly bound and are therefore more easily excited (Figure 6c ). In this case, a QSL can be gapless. As the spin gap is inversely proportional to the magnetic correlation length ², the gapless QSL state has infinite ².
Metal dithiolene complex [Pd(dmit) 2 ] provides an isostructural series of conducting anion radical salts, β¤-Et x Me 4¹x Z[Pd-(dmit) 2 ] 2 (Et: C 2 H 5 , Me: CH 3 , Z = P, As, and Sb; x = 02). 44 The β¤-phase with the space group of C2/c is most frequently observed in the [Pd(dmit) 2 ] salts. The crystal contains two crystallographically equivalent anion layers related by a glide plane symmetry (Figure 7a ). The anion layers are separated by a cation layer. The cations are located on the twofold axis. The EtMe 3 Z cations without twofold symmetry are observed as a superposition of two possible orientations with an occupancy AWARD ACCOUNTS Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) of 50% for each one. The anions are strongly dimerized with an eclipsed overlapping mode to form a dimer unit [Pd(dmit) 2 ] 2 ¹ . The dimer units, each of which has one unpaired spin, show face-to-face stacking within the anion layer and adjacent layers have different stacking directions (a + b and a ¹ b directions). We call such crystal architecture solid-crossing column structure. Since the dimerization is very strong, we can consider that electrons move from dimer to dimer. This means that the dimer is a unit in conducting processes (dimer model). As mentioned in the introduction, the system has a half-filled band based on the HOMO of a monomer unit [Pd(dmit) 2 ]. Within the dimer model, we calculate energy bands based on the tight-binding approximation using interdimer HOMO£HOMO transfer integrals. In the calculation, the C-centered monoclinic cell is reduced to the primitive cell where each lattice point is occupied by the dimer unit ( Figure 7b ). The obtained half-filled 2D conduction band E(k) is quite simple and implies that the dimer arrangement is modeled to an anisotropic triangular lattice with interdimer transfer integrals, t B , t S , and t r ;
The electronic state is allied with these interdimer transfer integrals and an intradimer transfer integral t A . They exhibit the following
We tentatively treat the dimer lattice as an isosceles-triangular lattice, because t B is nearly equal to t s in most salts at room temperature. The anisotropy of the isosceles-triangular lattice t¤/t, where t = t B μ t S and t¤ = t r , can be tuned by the choice of cation. By changing the counter cation from the smallest Me 4 P to the largest Et 2 Me 2 Sb, the t¤/t value is systematically tuned from 0.6 to 1.0. 44, 45 The intradimer transfer integral t A is approximately correlated with the effective on-site Coulomb energy on the dimer. 46 The larger interdimer transfer integrals, t B and t S , determine the band width W. The ratio «t A «/W indicates the strength of the correlation effect approximately, and the ratio t¤/t implies deviation from the regular triangular lattice and the degree of frustration. These two parameters play important roles in understanding the electronic state of the system. This 2D strongly correlated electron system with the frustration effect contains rich physics with tunable parameters. 18, 19 At ambient pressure, the β¤-[Pd(dmit) 2 ] salts are Mott insulators where one spin is localized on each dimer. Since the magnetic frustration prevents long-range antiferromagnetic order, frustrated spins show a variety of exotic spin states. Magnetic susceptibility and muon spin relaxation (¯SR) are useful for the detection of magnetic order. The spin frustration in the [Pd(dmit) 2 ] salts was first detected by susceptibility measurements. 47 Figure 8 shows three different types of temperature-dependent magnetic susceptibility measured by SQUID magnetometer. In the high-temperature region, temperature dependence of the magnetic susceptibility can be described by a model of a spin-1/2 Heisenberg antiferromagnet on a triangular lattice with exchange couplings J = 220280 K. The Me 4 Sb salt (t¤/t = 0.86) shows antiferromagnetic long-range order (AFLO) at 18 K. The Et 2 Me 2 Sb salt (t¤/t = 1.0) undergoes a first-order charge ordering (CO) transition to the nonmagnetic state at 70 K, which will be discussed in detail later (Section 3.2). On the other hand, no magnetic transition occurs in the EtMe 3 Sb salt (t¤/t = 0.91) down to 4.5 K. It should be emphasized that small difference (the number of ethyl groups) in the counter cation induces drastic difference in the magnetic ground state. The motion of a muon spin implanted in matter probes the magnetic field inside matter at a microscopic level. When an antiferromagnetic transition occurs,¯SR time spectra show a characteristic oscillation ( Figure 9 ). 48, 49 The diamagnetic nature of the charge ordered phase in the Et 2 Me 2 Sb salt is detected bȳ SR as fast relaxation (increase of the muon spin relaxation rate). As for the EtMe 3 Sb salt,¯SR shows no change down to 300 mK. 13 C NMR is also very powerful tool for the detection of the magnetic order. An antiferromagnetic transition can be detected by significant broadening of the 13 C NMR spectrum and a peak anomaly of spinlattice relaxation rate 1/T 1 . 50 13 C NMR measurements were performed for randomly orientated single crystals of the EtMe 3 Sb salt. Two types of 13 
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Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) ples ( 13 C=C and ª 13 C=S in the dmit ligand) gave essentially the same results. 51, 52 No critical broadening of the NMR spectra was observed, which indicates that there is no spin ordering/ freezing down to 19 mK ( Figure 10 ). The spectral tails are within «100 kHz. This width is too small for a classical magnetically ordered phase. Since this temperature is smaller than 0.01% of the exchange coupling, J, thermal fluctuations are completely negligible. Therefore, the absence of spin ordering/freezing should be attributed to quantum fluctuations.
In conclusion, all above-mentioned measurements (magnetic susceptibility,¯SR, and 13 C NMR) indicate that there is no indication of magnetic order in the EtMe 3 Sb salt down to very low-temperature. Considering the magnitude of exchange coupling between spins, we must say that this is quite unusual. Heat capacity and thermal conductivity provide information on the energy excitation. In Figure 11 , the heat capacity (C p ) data for two [Pd(dmit) 2 ] salts with different ground states (QSL and CO) are plotted as C p /T vs. T 2 . The EtMe 3 Sb salt (QSL) exhibits larger absolute values of heat capacity. The most important point is that the QSL system shows a T-linear term in the zero-temperature limit (C p /T is well fitted by a formula C p /T = £ + ¢T 2 with £ = 19.9 mJ K ¹2 mol ¹1 ). 53 Such behavior is observed in typical metals despite that the EtMe 3 Sb salt is an insulator. The finite T-linear term £ means that the excitation from the ground state is gapless. In contrast to the QSL material, the Et 2 Me 2 Sb salt with the nonmagnetic CO state has smaller heat capacity and linear extrapolation of the data to zero-temperature gives a vanishing £ term. This result is natural, because the Et 2 Me 2 Sb salt is an insulator where the heat capacity originates mainly from lattice vibrations. Below 1 K, however, a large upturn that is probably attributable to the rotational tunneling of the methyl groups in the cation masks the information of the electron spins in the heat capacity measurements. 45 The Curie term is subtracted. AWARD ACCOUNTS Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) In Figure 12 , temperature dependences of the thermal conductivity ¬ divided by T for the EtMe 3 Sb and Et 2 Me 2 Sb salts are shown as ¬/T vs. T 2 . 54 Thermal transport measurements are free from the contribution of the methyl rotation that plagues the heat capacity measurements at low temperatures and thus are suitable for probing the low-energy excitations. In addition, the thermal conductivity data give information on the spin-mediated heat transport. Compared with the CO system, thermal conductivity in the QSL system is enhanced, indicating that spin-mediated contribution is added to the phonon contribution. In the low-temperature region, ¬/T is well fitted by a formula ¬/T = ¬ 0 + bT 2 , where ¬ 0 and b are constants. An important point is that thermal conductivity also shows a finite T-linear term ¬ 0 , as is the case of the heat capacity. This implies that the excitation from the ground state is gapless. On the other hand, for the Et 2 Me 2 Sb salt with the CO ground state, the corresponding T-linear term is absent and only a phonon contribution is observed. By assuming that the T-linear term in the thermal conductivity arises from the fermionic excitations, the mean free path of the quasiparticles responsible for the elementary excitations can be estimated. Calculated mean free path reaches as long as ca 0.6¯m, indicating highly mobile gapless excitations. The presence of gapless excitations with an extremely long mean free path recalls excitations near the Fermi surface in metals again.
Magnetic torque measurement detects magnetic anisotropy with extremely high sensitivity. The greatest advantage of this method is that the large Curie contribution from isotropic free spins, to which conventional SQUID measurements are susceptible, is cancelled out. Figure 13a is temperature dependence of the magnetic susceptibility in the magnetic field perpendicular to the triangular lattice plane obtained by the torque measurement for a single crystal of the EtMe 3 Sb salt using a microcantilever method. 55 The most notable feature is that susceptibility is almost temperature independent below 2 K and remains finite in the zero temperature limit. This temperature-independent paramagnetic susceptibility in the QSL state would be attributed to the spin Pauli susceptibility, which suggests resemblance to metals with Fermi surface rather than insulators. Figure 13b is the field dependence of the magnetization in magnetic field perpendicular to the triangular lattice at 30 mK. The magnetization increases nearly linearly with the applied field up to 17 T. The observed temperature-independent and field-linear paramagnetic response in the low-temperature limit strongly suggests the low-lying magnetic excitations are gapless. It should be added that the gapless excitations observed in the heat capacity and the thermal conductivity measurements contain the magnetic ones.
The heat capacity, the thermal conductivity, and the magnetic torque measurements indicate that the EtMe 3 Sb salt is a gapless QSL. The 13 C NMR spinlattice relaxation rate 1/T 1 , however, suggests different possibility. 56 Figure 14 shows temperature dependence of 1/T 1 for the thioketone carbon site. The relaxation curve was fitted by the stretched exponential function, 1 ¹ M(t)/M(¨) = exp{¹(t/T 1 ) ¢ }, where M(t) is spin-echo intensity after a time delay t and ¢ is the stretching exponent. The stretching exponent ¢ indicates how homogeneous the system is. When ¢ = 1, the system is homogeneous, and the ¢ value smaller than unity means that the system is inhomogeneous. The temperature dependence of ¢ indicates that inhomogeneity is enhanced from about 20 K and reaches maximum around 1 K. The relaxation rate clearly indicates a kink around 1 K. This strongly suggests that the spin state undergoes an abrupt change at this temperature. Since no discontinuous jump is observed, the change of the spin state is likely to be a continuous phase transition. Below 1 K, the relaxation curves recover the homogeneous single exponential nature. In this temperature region, the 1/T 1 is proportional to T 2 . This is not the nature of a fully gapless QSL and thus the lower temperature state has a spin gap. Since the temperature dependence of 1/T 1 obeys not an exponential law but a power law, the ground state has a nodal gap structure in the magnetic excitations. As mentioned above, however, no anomaly is R. Kato Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) observed in the magnetic susceptibility around 1 K, which is consistent with the thermal conductivity and specific heat measurements.
Our findings indicate that EtMe 3 Sb[Pd(dmit) 2 ] 2 is a strong candidate of the QSL that is eagerly waited for. However, there remain many unsolved problems. Especially, a microscopic model for the low-energy excitations that can explain all the experimental results consistently is quite important.
3.2 Interdimer Charge Order (CO) Associated with HOMOLUMO Level Crossing.
As mentioned in Section 3.1, the magnetic susceptibility of the Et 2 Me 2 Sb salt shows a sharp transition from the frustrated paramagnetic state to the nonmagnetic state at 70 K. 57 The Et 2 Me 2 Sb salt has an almost regular triangular lattice, and there should be strong frustration effect. The transition in the Et 2 Me 2 Sb salt indicates that the antiferromagnetic ordering is not the only way to remove the frustration and there are another possibilities that are associated with valence bond formation.
To understand the origin of the phase transition, the lowtemperature crystal structure was investigated. 58 The crystal structure at 10 K shows a break in the C-centered monoclinic symmetry and a doubling of the b axis ( Figure 15 ). The magnetic susceptibility shows clear hysteresis, which indicates the first-order character of this transition. On the other hand, the X-ray satellite reflections grow even below the transition temperature and diffuse scattering is observed above the transition temperature. These results indicate structural fluctuation throughout the transition, that is, this first-order phase transition is close to second-order. At room temperature, every dimer is crystallographically equivalent and thus has the same PdPd distance (3.137 ¡). In the 10 K crystal structure with the space group P2 1 /c, two crystallographically independent dimers with remarkably different PdPd distances (3.331 and 2.924 ¡) are arranged alternately along the b axis. Considering the nonmagnetic character of the low-temperature phase, we concluded that the structural changes of dimers are associated with the interdimer CO (charge disproportionation) transition where two monovalent dimers turn into the neutral and divalent dimers; 2dimer ¹ ¼ dimer 0 + dimer 2¹ . The expanded dimer is divalent and the constricted dimer is neutral. This CO transition is associated with the HOMOLUMO level crossing in the dimer (Figure 16 ). 59 In the neutral dimer where the intermolecular Coulomb repulsion is reduced, the enhanced dimerization enlarges the dimerization gap. Both HOMOHOMO and LUMOLUMO bonding pairs are fully occupied so as to form a double bond, which provides a gain in bonding energy (with respect to two [Pd(dmit) 2 ] molecules in the dimer). On the other hand, the divalent dimer involves the disadvantage of the bonding energy arising from the paired electrons in the antibonding HOMO combination. But, the weaker dimerization AWARD ACCOUNTS Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) due to the electrostatic repulsion reduces the dimerization gap and thus the energy cost. A balance between the total gain in bonding energy and the energy cost for the structural changes stabilizes the CO state in a certain condition. The electron pairing (intradimer valence bond formation) can thus be coupled with the inhomogeneous charge distribution and the removal of the spin frustration. This model predicts 1:2 splitting of the bondingantibonding photoexcitation in the dimer. Indeed, the reflectivity spectra show a splitting of the near-IR peak with an intensity ratio of 1:2 below the transition temperature. 60 All spectral features in the near-IR region can be explained by the above model. In the conventional charge ordering transition, the Coulomb interactions between neighboring sites are crucial. In this sense, the interdimer CO transition in the Et 2 Me 2 Sb salt is unique and is possible only for the system with the HOMOLUMO level crossing. The [Pd(dmit) 2 ] salts with the HOMOLUMO inversion can potentially undergo the interdimer CO transition. Among the [Pd(dmit) 2 ] salts, however, the transition has been observed only in the Et 2 Me 2 Sb and Cs salts. This transition is accompanied by sizable deformations (expansion and contraction) of the dimer unit (especially along the stacking direction) and geometric changes of the cation attributed to the steric effect between the alkyl groups in the cation and the terminal S atoms. In addition to these steric energy costs, the total bonding energy gain associated with the degree of dimerization is also an important factor (All the Pt analogues ¢¤-Me 4 Z[Pt(dmit) 2 ] 2 (Z = P, As, and Sb) with less strong dimerization exhibit the interdimer CO transition 61 ). The stability of the interdimer CO state would be determined by the total balance of these factors.
3.3 Valence Bond Order (VBO). Among the [Pd(dmit) 2 ] salts, the EtMe 3 P salt occupies a unique position. The EtMe 3 P salt crystallizes in three forms; monoclinic (P2 1 /m), triclinic, and β¤-forms. The monoclinic (P2 1 /m) form is the main product and the β¤-form (monoclinic, C2/c) of the EtMe 3 P salt is a rare species. In this section, we discuss a valence bond order (VBO) state observed in the monoclinic (P2 1 /m) form as another mechanism to remove the spin frustration. This compound also contains crystallographically equivalent anion layers separated from each other by a cation layer (Figure 17 ). Anion arrangement within the anion layer is very similar to that in the β¤-form, that is, crystallographically equivalent dimer units form a triangular lattice. The t¤/t value is close to unity. In distinction to the β¤-form, adjacent layers have the same stacking direction of the dimer units (parallel column structure). 62 The monoclinic (P2 1 /m) form is a Mott insulator at ambient pressure. The temperature dependence of static magnetic susceptibility is well described by the model of the spin-1/2 Heisenberg antiferromagnet on a triangular lattice (J = 250 K) above 30 K (Figure 18 ). Below 25 K, the susceptibility starts a rapid but continuous decrease toward zero. 63 There is no hysteresis and no magnetically anisotropic behavior, which R. Kato Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) means that this is a second-order transition to a nonmagnetic spin-gapped state. The spin gap estimated from magnetic susceptibility and ESR is about 35 K in the zero temperature limit. The transition is coupled with the lattice distortion. Figure 19 shows a crystal structure at 10 K. 62 Although all the dimer units remain equivalent, the stacking period of the dimer units is doubled and alternation of the interdimer distances (3.76 and 3.85 ¡) occurs. Taking account of the corresponding distance above the transition temperature (3.82 ¡ at 28 K), we can conclude that the main structural change is in accordance with the pairing of the spin-1/2 units (tetramerization), which means the valence bond formation between the dimers (interdimer valence bond formation). Such a singlet formation associated with the lattice distortion resembles the spin Peierls transition, in spite of the 2D nature of this spin system. Unlike the spin Peierls state in a 1D quantum spin chain, the stability of the 2D VBO is not trivial. The spin frustration suppresses an AFLO formation on a triangular lattice. Therefore, if the elastic energy cost for the lattice distortion is overcome by the VB formation, the VBO would be preferable. In this sense, the parallel column structure is crucial for the VBO transition. The lattice distortion occurs mainly along the stacking direction.
In the solid-crossing column structure that has two different stacking directions alternating layer by layer, such a lattice distortion requires the higher cost of the lattice elastic energy. On the other hand, the parallel column structure minimizes the elastic energy cost. As well as a tradeoff between the pairing energy gain and the antifferromagnetic exchange energy, it should be added that the charge fluctuation associated with the intradimer CO (Section 3.4) plays an important role in the VBO state, which was indicated by a recent IR and Raman spectroscopy study. 64 3.4 Intradimer Charge Order and Valence Bond Order. 65 The triclinic form of the EtMe 3 P salt has a space group of P 1, and its crystal contains two crystallographically independent anion layers that are repeated alternately along the b axis. In each anion layer parallel to the ac plane, [Pd(dmit) 2 ] molecules are strongly dimerized and dimer units form an anisotropic triangular lattice (t¤/t = 0.36, 0.38). All the anion columns are parallel to the a axis, that is, the crystal architecture is classified into the parallel column structure as is the case of the monoclinic (P2 1 /m) form. The system is a Mott insulator at ambient pressure. The temperature-dependent magnetic susceptibility shows a gradual decrease from 80 to 50 K and a nonmagnetic state below 50 K (Figure 18 ). Low-temperature X-ray diffraction measurements detected two structural transitions around 290 and 65 K, respectively. The c axis doubles at the first transition. The second transition is accompanied by the a axis doubling that results in alternation of the interdimer distances along the stacking direction (tetramerization). In the whole temperature region, the dimer units exhibit no significant difference in the interplanar distance that characterizes the interdimer CO state, which means that the formal charge of each dimer unit remains ¹1 down to the lowest temperature. These results suggest that the nonmagnetic behavior is attributed to the VBO formation as observed in the monoclinic form. On the other hand, measurements of IR-reflectance and Raman spectra, which are very useful for analyzing the lattice, charge, and orbital in the [Pd(dmit) 2 ] salts, 66 revealed charge disproportionation in the nonmagnetic state. This indicates an intradimer CO state, that is, the dimer unit contains charge-rich and poor [Pd(dmit) 2 ] molecules. In contrast to the interdimer CO transition, the driving force of this intradimer CO transition is the intermolecular Coulomb repulsion energy within a dimer unit. The specific charge distribution is stabilized by the interdimer Coulomb repulsion energy and the interdimer valence bond formation (VBO). Figure 20 shows schematic views of molecular orbital energy levels in monomer, [dimer] ¹ , and [tetramer] 2¹ . As a result of paring of two dimers (tetramerization), the orbitals DM1DM4 in the dimer constitute the bonding (B) and antibonding (A) pairs TM1TM8 in the tetramer. In the TM1TM4 pairs, outer [Pd(dmit) 2 ] molecules are charge-rich, which is ascribed to the interdimer Coulomb repulsion energy. Meanwhile, in the bonding pair TM5, chargerich inner molecules form the interdimer valence bond. The summation of the electron densities of all occupied orbitals TM1TM5 gives the stable charge distribution in the nonmagnetic tetramer that is composed of charge-rich outer mole- cules and charge-poor inner molecules. It should be noted that such cooperation of the interdimer Coulomb repulsion and the VBO formation works well in the HOMOLUMO inversion system. In general, dimerization is often observed in molecular conductors and plays a decisive role in considering electronic properties. The dimerization splits a conduction band into upper and lower bands separated by a dimerization gap. The dimerization gap varies depending on the degree of dimerization (difference between intraand interdimer transfer integrals). When the formal charge of a conducting molecule is ¹1/2 (or +1/2), which is the most frequently observed case, the lower (or upper) band is half-filled in the dimerized system. In the strongly dimerized system where the upper and lower bands are separated enough, the system behaves according to the half-filled picture even though the whole conduction band is quarter-filled in terms of electrons or holes. In the half-filled picture of the strongly correlated electron systems, the most typical case is a Mott insulating state due to the on-site Coulomb repulsion energy. On the other hand, in the quarterfilled picture, the inter-site Coulomb repulsion energy plays an essential role and provides a charge ordered state (charge disproportionation) as the most typically limiting case. The [Pd(dmit) 2 ] salts belong to the strongly dimerized system with strong correlation that can be treated in the (effectively) halffilled picture. In this case, the degree of freedom in a dimer unit is neglected. The intradimer CO state in the triclinic form, however, cannot be explained in the framework of the halffilled picture and the charge degree of freedom within a dimer unit affects the electronic state in the [Pd(dmit) 2 ] salts. In this sense, the [Pd(dmit) 2 ] salts form a unique system that contains both half-filled and quarter-filled natures.
3.5 Metallic and Superconducting Behavior under Pressure. The Mott insulating state can be removed by external stimuli including pressure. The application of pressure tends to enlarge the band width and reduce the correlation effect. 67 The pressure effect in the [Pd(dmit) 2 ] salts depends on the choice of counter cation. In an early stage, pressure-induced superconductivity for β-Me 4 N[Pd(dmit) 2 ] 2 and Et 2 Me 2 N[Pd(dmit) 2 ] 2 was reported. 6870 As for the β¤-[Pd(dmit) 2 ] salts with the solidcrossing column structure, the system with the antiferromagnetic ground state turns metallic and shows superconductivity under hydrostatic pressure. 71, 72 Figure 21 shows superconductivity induced by the hydrostatic pressure for the Me 4 Sb salt. The Mott insulating behavior of the system with higher Néel temperature, or larger deviation from the regular triangular lattice, cannot be suppressed under the hydrostatic pressure. Even in such a case, the uni-axial strain suppresses the nonmetallic behavior and induces the superconductivity. 7377 This indicates that the uni-axial strain can effectively enhance the transfer integral and reduce the correlation effect. The EtMe 3 Sb salt with the spin liquid state also shows metallic behavior under hydrostatic pressure, but no superconductivity is observed up to the highest pressure and down to the lowest temperature. 20 The interdimer CO transition in the Et 2 Me 2 Sb salt is accompanied by a sharp increase of the resistivity. The application of hydrostatic pressure turns this resistivity anomaly to a metalinsulator transition. The application of higher pressure suppresses this metalinsulator transition, but does not induce superconductivity. It should be notable that the interdimer CO in the low-temperature phase of the Et 2 Me 2 Sb salt can be melted by photoirradiation and high-temperature phase emerges. 78 The charge distribution and intradimer structure are transformed into those in the high-temperature phase immediately (<120 fs) after photoexcitation of the neutral dimer in the CO state. Subsequently, it takes about 70 ps for the lattice structure to transform into that in the high-temperature phase. This suggests that steric effects associated with the Et 2 Me 2 Sb cation cause a bottleneck in the course of the stabilization of the whole structure in the photoexcited state.
Superconductivity in the strongly correlated electron systems, including the cuprate high-T c superconductors and the β¤-[Pd(dmit) 2 ] salts, frequently arises from antiferromagnetic insulating state. The monoclinic EtMe 3 P salt with the nonmagnetic VBO state, however, shows another type of superconductivity. Measurements of resistivity and magnetic susceptibility under hydrostatic pressure indicate that the Mott insulating state turns into a metallic state followed by a superconducting state. 62, 79 Detailed resistivity measurements revealed a first-order insulatormetalinsulator transition around 4 kbar and gave a pressuretemperature phase diagram as shown in Figure 22 . 80 The negative dT/dP slope at the boundary between the low-temperature insulating phase and the metallic phase strongly suggests that the VBO state spreads over the low-temperature region, because the Clausius Clapeyron equation dT/dP = ¦V/¦S < 0 requires that the insulator has smaller entropy than the metal, ¦S = S ins. ¹ S metal < 0, when the metallic phase is located in the higherpressure region, ¦V = V ins. ¹ V metal > 0. In this pressure region, the metalinsulator transition shifts to the lowertemperature region with increasing magnetic field (H). This indicates a negative dH/dT slope of the boundary line between the insulating and metallic phases in the HT phase diagram. The thermodynamic relation dH/dT = ¹¦S/¦M < 0, where ¦M is the magnetization difference between the insulating and metallic phases (¦M = M ins. ¹ M metal ), leads to ¦M < 0, because ¦S is negative. Consequently, the magnetization of the low-temperature insulating phase under pressure is smaller than that of the metallic phase, which is also consistent with the nonmagnetic VBO formation. 13 C NMR measurements under pressure provide other evidence ( Figure 23 ). 81 In the insulating phase under pressure, a rapid decrease of the spinlattice relaxation rate 1/T 1 owing to a spin-gap transition (VBO formation) is observed. There is no critical divergence of 1/T 1 that is typically observed in the antiferromagnetic transition. In the whole pressure region, there is no large broadening of the spectra. All these results clearly demonstrate that the nonmagnetic VBO state survives over the whole insulating phase, not replaced by a magnetically ordered state. Therefore, the superconducting phase of the present system borders the spin-gapped VBO phase. Compared with the conventional molecular superconductors, the absence of the antiferromagnetic order is striking and the mechanism of the superconductivity is of special interest.
Tuning of Band Parameters and Molecular Degrees
of Freedom in the [Pd(dmit) 2 ] Salts
Mixed Crystals.
Physical properties of molecular conductors are principally governed by intermolecular transfer integrals between frontier molecular orbitals (HOMO or/and LUMO) in conducting molecules. The electronic structure around the Fermi level is well described by the tight-binding band calculation using the frontier molecular orbitals obtained , which is observed in conventional metals. 81 AWARD ACCOUNTS Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) by the extended Hückel calculation. 82 Obtained results are comparable to those of the first-principles band structure calculations, even when the conduction bands consist of pπ and d orbitals. 83, 84 The applicability of this method to the construction of the relevant model has been established. 85 As for the [Pd(dmit) 2 ] salts, the first-principles calculations based on density functional theory and fitting to the tight-binding dimer model revealed a systematic variation of the interdimer transfer integrals that agrees with results obtained by the extended Hückel method. 86, 87 It should be added that the firstprinciples calculations strongly support us, when structural data are difficult to obtain as is the case of the pressure effect. 88 Since the HOMO and LUMO have large anisotropy, the transfer integrals are generally sensitive to the molecular arrangement and orientation, leading to a diversity of electronic properties and enabling their fine tuning. Most molecular conductors are composed of conducting and insulating parts. Notably, chemical modifications of the insulating/nonmagnetic part, as well as the conducting/magnetic part, can modify electronic properties. This is because the counter cation, in the case of the [M(dmit) 2 ] salts, can affect the geometry of the conducting/magnetic part including molecular structure, especially distortion, which will be emphasized in this section.
The ground state of the β¤-[Pd(dmit) 2 ] salts depends on the frustration parameter t¤/t. Figure 24 is a phase diagram of the β¤-[Pd(dmit) 2 ] salts. The frustration parameter can be tuned by the choice of the cation. With tuning of t¤/t from 0.6 (Me 4 P) to 1.0 (Et 2 Me 2 Sb), the ground state changes from AFLO to QSL, and subsequently to CO. The gapless QSL state is considered to exist as a "phase," not as a critical "point." The phase diagram around the QSL phase was refined by using mixed crystals. Counter cations in the β¤-[Pd(dmit) 2 ] salts, Et x Me 4¹x Z + (Et: C 2 H 5 , Me: CH 3 , Z = P, As, Sb; x = 02), are different in the central atom or the number of ethyl groups. Because these cations are similar to each other, formation of homogeneously mixed crystals and fine tuning of the lattice parameters can be expected. In addition, the cation site is nonmagnetic and is separated from the triangular lattice of the dimer units and thus the disorder in the mixed cation layer would little affect the magnetic layer. This suggests that the cation mixing will have well-defined effects on electronic states of this frustrated spin-1/2 system. The following two types of mixed crystals have been examined; Me 4 SbEtMe 3 Sb (AFLOQSL), and EtMe 3 SbEt 2 Me 2 Sb (QSLCO) salts. 89 Mass spectrometric analysis revealed that the molar ratios of different crystals vary very little and the mixed crystals are homogeneous. All the mixed crystals retain the space group of C2/c. The lattice parameters of the mixed crystals were examined by the X-ray diffraction method. The anion ([Pd-(dmit) 2 ]) layer is parallel to the ab plane, and the anion and cation layers are alternately stacked along the c axis direction. By the cation mixing, the averaged number of ethyl groups in the cation is tuned continuously (alkyl group substitution). Increasing the number of ethyl groups causes the lattice expansion mainly along the a and c axes directions, while the change in the unit cell length b (the direction parallel to the sideby-side arrangement of the dimers) is small. This suggests that continuous introduction of the ethyl groups works as anisotropic chemical pressure. Figure 25 shows interdimer transfer integrals (t and t¤) and anisotropy of the triangular lattice (frustration parameter, t¤/t) as functions of the number of ethyl groups in the cation (mole fraction of EtMe 3 Sb or Et 2 Me 2 Sb). As the number of ethyl groups increases, the larger transfer integral t decreases and the smaller t¤ increases continuously, and the dimer lattice turns into a regular triangular lattice. Magnetic susceptibility and 13 C NMR measurements afforded a detailed phase diagram. With increasing t¤/t, the Néel temperature lowers rapidly and the antiferromagnetic order disappears in (Me 4 Sb) 0.64 - 44 Systematic X-ray structure analysis of the β¤-[Pd(dmit) 2 ] salts has revealed how the counter cation affects the interdimer transfer integrals. The frustration parameter t¤/t increases with increasing the cation size, that is, the radius of the central atom and the number of ethyl groups (Figure 26 ). The increasing tendency of t¤/t is a result of decreasing t (t B μ t S ) and increasing t¤ (t r ). The decrease in t may be reasonable, because the increase in the cation size would expand the lattice and lengthen the intermolecular distances. On the other hand, the increase in t¤ is not trivial.
A key issue is detailed molecular structure of [Pd(dmit) 2 ] that has been neglected up to this point. The dimer unit is located on the inversion center and one [Pd(dmit) 2 ] unit is crystallographcally independent. The dimer has an eclipsed configuration. When the dimer is viewed along the vector connecting the two Pd atoms, however, small but significant displacement of the outer parts is found, that is, the [Pd(dmit) 2 ] molecules in the dimer are not completely eclipsed (Figure 27 ). This means that the [Pd(dmit) 2 ] molecule is slightly arched, with both ends of the molecule slightly deviating from the long molecular axis. A torsion angle of SPdPdS (º) within the dimer can be used for a convenient description of the degree of arch-shaped distortion. Figure 27 indicates a systematic change of the direction and degree of the distortion depending on the size of the counter cation (the radius of the central atom and the number of ethyl groups).
Let us consider how the arch-shaped distortion affects interdimer transfer integrals. In the [Pd(dmit) 2 ] salts, intermolecular overlaps between sulfur p orbitals in HOMO mainly determine interdimer transfer integrals. With increasing the cation size, the [Pd(dmit) 2 ] molecules undergo the arch-shaped distortion as indicated by the arrows in Figure 28 . This type of molecular distortion can shorten some intermolecular S£S distances responsible for t r (t¤) leading to an increase in overlaps between sulfur p orbitals. Indeed, Figure 29 indicates that an increase in t r is correlated to shortening of S£S distances associated with the outer heteroring (d1 and d2), while S£S distances associated with the inner heteroring (d3 and d4) remain almost constant or slightly lengthen. These trends agree with the arch-shaped molecular distortion. On the other hand, the distortion reduces the face-to-face overlap along the stacking direction that is associated with the transfer integral t B , and lengthens some intermolecular S£S contacts responsible for the transfer integral t S (Figure 28 ). As a result, the interdimer transfer integrals t (t B μ t S ) and t¤ (t r ) are reasonably AWARD ACCOUNTS Bull. Chem. Soc. Jpn. Vol. 87, No. 3 (2014) correlated with the degree of the arch-shaped molecular distortion (º; Figure 30 ).
In the β¤-[Pd(dmit) 2 ] salts, the frustration parameter t¤/t can be tuned from 0.6 to 1.0 by changing the insulating/ nonmagnetic cation including a mix of different cations. An essential feature of the cation effect is the arch-shaped distortion in the [Pd(dmit) 2 ] molecule rather than molecular arrangements. The [Pd(dmit) 2 ] molecule is sufficiently flexible within the crystal field, allowing distortions of the molecular skeleton to occur with different counter cations. It should be added that the [Pd(dmit) 2 ] molecule exhibits another type of distortion. When the dimer is viewed along the short molecular axis, one can notice that each [Pd(dmit) 2 ] molecule bends at the Pd position so as to reduce the repulsions between the dmit ligands. There is obvious difference in the folding angles for the right and left dmit ligands, that is, the bending molecule does not have a simple V-shaped geometry. Recent firstprinciples calculations for the β¤-[Pd(dmit) 2 ] salts revealed small but noticeable differences in charge distribution between the left and right dmit ligands of the [Pd(dmit) 2 ] molecule. 87 This intramolecular charge disproportionation would be related to the asymmetric bending of the molecule. The degree of the molecular bending also depends on the counter cation.
The origin of these cation-dependent molecular distortions is very interesting and important but remains an open question. Although some kind of cation£anion interaction would be expected, no significant short contacts between cations and anions are found. It should be noted that structural optimization for atomic geometries calculated within the generalized gradient approximation can reproduce the arch-shaped molecular distortion and its cation dependence. 87 Detailed analysis of such first-principles calculations would provide important clues to the cation effect on the molecular distortions.
Conclusion
The most remarkable feature of molecular conductors is their simple and clear electronic structures that can be well described by the tight-binding band calculation based on the extended Hückel method. Thanks to low-dimensionality and strong electron correlation, conducting and magnetic properties of molecular conductors are full of variety. The electronic state is very sensitive to molecular and crystal structures that can be finely tuned by physical and chemical methods. Molecular conductors based on the [M(dmit) 2 ] (M = Ni and Pd) anion radical present a variety of π electron systems that go beyond the framework of the conventional molecular conductors. The molecular arrangement of [Ni(dmit) 2 ] in the anion radical salts is multiple. Supramolecular interactions between the [Ni-(dmit) 2 ] anion and halogen-containing cations provide bilayer systems that are characterized by coexistence of two crystallographically independent anion layers with different molecular arrangements and contrasting properties. The bilayer system is an example of a multiple band (two-band) system that will be the frontier of functional π electron systems. In distinction from ¹ form a triangular lattice whose anisotropy can be tuned by the selection of counter cations. The interplay of strong electron correlation and spin frustration generates a wide variety of magnetic/charge states including AFLO, QSL, CO, and VBO, which opened a new aspect of solid-state science. Among them, the QSL state in the EtMe 3 Sb salt, which competes with AFLO and valence bond formation (CO and VBO), includes a number of uncharted subjects. An application of (hydrostatic or uni-axial) pressure turns the Mott insulating state metallic/superconducting. Especially, the superconducting phase in the monoclinic EtMe 3 P salt is adjacent to the nonmagnetic VBO phase, which has never been observed in conventional superconductors belonging to the strongly correlated electron system. The [Pd(dmit) 2 ] molecular skeleton is sufficiently flexible within the crystal field, and the cation dependence of the electronic state in the [Pd(dmit) 2 ] salt is attributed to the systematic archshaped molecular distortion that finely tunes anisotropy of the triangular lattice. This is a unique example where the molecular degree of freedom plays an important role in tuning band parameters.
The above results demonstrated that the metal dithiolene complexes are versatile components for molecular conductors. For further development, control or tuning of the intermolecular interactions that govern electronic states still remains an indispensable issue. Since it has been revealed that the molecular distortion as well as the molecular arrangement and orientations affects the intermolecular interactions, we can exercise the molecular degree of freedom more widely. Such an approach will promote material science derived from the interplay of strong electron correlation and spin frustration on a tunable triangular lattice. It is indispensable to fully understand the QSL state and develop new QSLs. In addition, the multi-(two)-band character of molecular conductors should be investigated more deeply, which will provide rich functionality based on the band engineering.
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